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FOREWORD
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ABSTRACT

Single tensile overloads were applied to 4340 steel specimens which

were heat treated to give 120 and 220 ksi yield strength levels. The

infljence of yield strength level on the number of nonsteady state crack

growth cycles subsequent to the application of: '? perce nt overload

was noted to be substantial. The number of nonsteady state cycles for

the 120 ksi yield strength steel was approximately an order of magnitude

greater than that of the higher strength steel. A retardation model was

developed using a residual stress intensity factor concept similar to

that prcocsed by Willenborg et. al. The model was found to predict to

within 10 percent the number of nonsteady state crack growth cycles

required to move a crack from the pre-overload position to a subsequent

position, one overload induced plane stress plastic zone radius ahead of

the pre-overload position. The model indicates that the reason for

substantial increases in nonsteady state crack growth cycles observed for

the low strength steel is due to a corresponding increase in the overload

affected zone size.
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SECTION I

INTRODUCTION

Variable amplitude load spectra when appliE to cracked structures

result in observations of crack movemcnt which are at variance with

simple no-load-interaction crack growt> prediction techniques. One

recognized facet of the crack growth behavior generated under soectrum

loading is that substantially slower crack growth rates are observed

when small amplitude load cycles are preceded by a load level with a

higher maximum.

Several crack growth retardation models have been developed to

predict this high-low load interaction effect. Wheeler (Reference 1)

provided a model which identified the concept of a load interaction zone.

He derived this model assuming that the ratio of interaction zones is

directly related to the observed decrease in crack growth rates.

Willenborg et al (Reference 2) used the Wheeler formulation of load

interaction zones to derive a model which was based on the difference

between load interaction zone sizes. Both of the above mentioned models

were reformulated by Gallagher (Reference 3) to help identify the physical

implications as well as to provide identifiable modeling forms for others

who are directing their attention to a residual stress intensity factor

concept.

The use of a residual stress intensity factor concept suggests that

the local or effective stress intensity factor which is sensed by the

propagating crack be calculated from

Keff K' K

where K is the stress intensity factor associated with remotely applied

loads. The residual stress intensity factor (K,) would in general be

considered a function of many interacting variables, eg.:

1m
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OL OL
KR = f (Kmax' min' NOL' max ys '"

where KOL = maximum K generated by the overloadmax

OLOin = minimum K generated by the overload

NOL = number of overloads applied

Kmax = mavimun, V generated Ly the loads following the overload

R = stress ratio of remotely applied loads

N- = number of cycles of Kwax

; = yield strength level

2
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SECTION II

TEST METHODS AND MATERIALS

1. MATERIALS AND SPECIMEN GEOMETRY

The nominal chemical composition of the one-half inch thick 4340

steel specimens which were employed in this investigation is given in

Table I and the heat treatment schedules used to produce the 220 ksi and

120 ksi yield strength levels are given in Table II.

The geometry of the specimens is shown in Figure I and the corres-

ponding stress intensity factor coefficient is given in Figure 2 from

R~ference 4.

2. TEST TECHNIQUES

A constant stress intensity factor condition was held throughout the
OLtests such that an overload stress intensity factor Kma x of 40 ksi v in

was followed by repeated cyclic load applications corresponding to a

remotely calculated stress intensity factor varying between 2 and 20
ksi in. The condition: x: 40 ksl V 'in* 20 ksi vin,

Th cndtin: Kmax In Kmax=
Kmin 2 ksi I in was applied repeatedly to specimens heat treated to
the two yield strength levels while observations of crack length movement

were made. Prior to a reapplication of an overload, it was determined

that the cracking rates associated with the Kma x  20 ksi /i -condition

were steady state and no longer appeared to be influenced by the

previously applied overload.

A schedule of loads for any 0.025 inch increment on the crack path,

as required by Figure 2 to achieve the desired constant stress intensity

conditions, was developed prior to test start up and then utilized during

the test. It was normally )ssible to define the surface crack position

tu within a O.O060 inch tolerance since crack length measurements were

made using a 20X Gaertner microscope mounted on a 1.0 inch Aerotech

translation stage which was remotely controlled to move in 0.0001 inch
increments,

3
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TABLE I

NOMINAL CHEMICAL COMPOSITION OF 4340 STEEL

C Mn P Si Ni fCr Mo Fe

0.40 0.72 0.012 0.28 1.70 0.80 0.24 Remainder

TABLE II

HEAT TREATMENlT SCHEUULE FOR 4340 STEEL SPECIMENS

FOR 220 KSI YIELD STRENGTH

1. Austenitize 1600'F for 1 hour in salt bath

2. Oil Quench

3. lemper 1 hour at 600°F in air

4. Water cool

5. Repeat steps 3 and 4

6. Surace grind, reouve 0.020 in. from both sides of the specimen

FOR 120 KSI YIELD STRENGTH

1. Repeat steps I thru 6 (220 ksi yield -trength)

2. Anneal at 1550'F for 1 hour in air

3, Slow cool specimen in sand from !550'F to ambient temperature

4
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3.
Thickness

1,5 0.502 in.

-08-

40.06
0.750

Dia. 600--6

Included
Angle

All Dimensions In Inches

Tolerance t0.005

Figure 1. Geometry of Single Edge Notch (SEN) Specimen
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18 tI

16 _ _ _ _ _ _ - _ _

a.

8

6. 1--12 . 16 . 20 .

Crack Length Cinches)

Figure 2. Stress Intensity Factor Calibration for SEN Geometry
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Loads were applied to the specimen with a mechanical test system

(hydraulically actuated, servo'.controlled) which had a load cell mounted

in series with the specimen. The frequency of applied loading was 10 Hz

for the constant amplitude (sinusoidal wave) KWax = 20 ksi Ti-n,
Kmin = 2 ksi / cyclic condition and approximately 0.05 Hz (manually

applied) for the overload applications. The high frequency loading and

a desiccated air environment were employed to limit the influence of any

moisture induced environmental action (Reference 4).

7
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SECTION III

RESULTS AND DISCUSSION

I. CRACK GROWTH BEHAVIOR

Decailed in Figure 3 is a schematic showing the parameters that have

been utilized recently (References 5, 6, and 7) to characterize the over-

load affected crack propagation behavior. The nonsteady state (overload

affec*ed) region is defined in terms of cycles (N*) and distance (a*),

termed the overload affected crack length, over which the reducing effect

is observed.

The ob3erved crack growth behavior of a crack which has been subjected
a single lO0 percent overload (VOL = 40 ksi 7- K = 20 ksi _T)

" 40 in max
is presented in Figures 4 and 5 for the 120 and 220 ksi yield strength

levels, respectively. The data are presented in terms of an incremental

movement of the crack as measured from its position immediately prior

to the overload application. The data shown in Figures 4 and 5 were

utilized to find N* and a* for each overload application. Table III

contains a listing of the observed N* and a* parameters and the steady

state crack growth rates measured outside the delay region.

The average a* and N* parameters calculated using the data listed

in Table III directly indicate the influence of yield strength on over-

load delay behavior. For the 120 ksi yield strength steel, the average

overload affected crack length is 16.6 mils which is traversed in

approximately 33,000 cycles; the corresponding values for the 220 kri

yield strength bteel are 4.6 mils and 4100 cycles. 0, the , s of t.is

information, one would have to rank the 120 ksi yi, . 'c,,vj'h steel

superior to the 220 ksi yield strength steel fur spectrum load us~qe due

to the significant increase in the number of reduced growth rate cycles

observed in this steel. Furthermore, the average steady state crack

growth rates for the 120 ksi yield strength steel are approximately a

factor of 2.5 lower than those associated with the 220 ksi yield strength

level.

8
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Figure 4. Overload Affected Crack Growth Behavior for 120 ksi Yield
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TABLE III

OVERLOAD AFFECTED ZONE PARAMETERS

OLK ax 2 120 KSI 220 KSI

K YIELD STRENGTH YIELD STRENGTH
max

OVERLOAD a* N* Aaf * N* Aa
mils Iss mils 5 ss

10 - 6 in/cycle 1O-6 in/cycle

1 13 25,500 1.50 6 3800 4.71

2 16 34,500 2.06 4 5600 4.69

3 19 32,500 1.22 5 4000 4.14

4 15 30,000 0.87 4 4000 3.75

5 17 35,750 1.44 5 4900 3.70

6 17 33,500 1.83 4 2600 3.12

7 19 37,000 1.31 4 3700 3.05

17 36,000 1.16 5 4400 2.85

9 - - - 4 3900 2.66

VERAr;E 1 16.6 33,100 1.43 4.56 4100 3.61

is the growth rate following overload affected growth region.
sS
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2. OVERLOAD DELAY AFFECTED CRACK LENGTH

As discussed by Gallagher (Reference 3), both Wheeler (Reference 1)

and Willenborg et al (Reference 2) assumed that the overload affected crack

length would be a fraction of the overload established load interaction

zone (zOL). Wheeler assumed that zOL could be approximated by the over-

load created plane strain plastic zone radius while Willenborg et al

utilized the overload plane stress plastic zone radius to characterize

z OL The corresponding estimates of the overload affected crack length

used by Wheeler and Willenborg et al are

a* OL r* . (KOs()2OL YOL 4j_-2-r("a

and -LzO 
2a* < z r ( / (4)

YOL ys

respectively,

Recently, several investigators (References 5, 6, and 7) have

employed variations of the following relaticnship (r0 is the plastic

zone diameter for the applied overload) to show good correlation with

measured overload affected crack lengths

a* ro (5)

+ OLwhere Probst and Hillberry (Reference 7) assumed K+  K.ix and both
Von Euw et al (Reference 5) and Trebules e* al (Reference 6) assumed
K+ KOLmax  KminL and X represents the fraction of the cross section

exhibiting shear lips. From the fracture surfaces, X was determined

to be near zero for both yield strength levels for this investigation:

Equation 5 reduces to 12
a".r0  (6)

for the case when X is zero

13



AFFDL-TR-74-27

Table IV provides a direct comparison between the average overload

affected crack lengths (a*) determined from the data given in Table III

and the parameters calculated by Equation 3, 4, and 6 with K+ = KOL

It appears on the basis of this comparison that the Willenborg et al

plane stress assumption provides the more viable approximation to the

affectef crack length.

TABLE IV

COMPARISON OF MEASURED AND CALCULATED AFFECTED ZONES

a* r r*o rys avg o YOL rOL

(KSI) (in.) (in.) (in.) (in.)

120 0.0166 0.0118 .0062' 0.0177

220 0.00456 0.00350 .00186 0.00525

Note that the inverse ratio of the two corresponding yield strength

levels squared (220/120)2 closely predicts the ratio of the average

measured affected crack lengths (16.6/4.6). It is expected that future

observations will further substantiate this influence of yield strength

(in a given material) on the size of the affected crack length.

3. WILLENBORG ET AL MODEL PREDICTED CYCLES

One test for any crack growth predictive model is its ability to

predict the number of cycles of applied load to achieve a given crack

length change. The Willenborg et al model as detailed by Gallagher

(Reference 3) takes a form identical to that given by Equation I where

the residual stress intensity factor KR is defined by

KW. I - / K. (7)R x z OL max

14

......



AFFDL-TR-74-27

where Aa is the crack growth into the overload load interaction zone

(zOL). Following an overload, Aa is approximately zero and the reducing

stress intensity factor is maximum. For the test conditions considered

in this investigation, Equation 7 gives an initial KR of 20 ksi /7T.

Equation 1 therefore predicts that the maximum effective stress intensity

factor is zero at the crack tip.

The maximum effective stress intensity factor must be greater than

the threshold (maximum) stress intensity factor (approximately 6 ksi rin

for steels when R = 0) in order that fatigue crack growth occurs. The

assumption expressed by Equation 7 must be in error since Table III shows

that a finite number of cycles was required to propagate the crack through

the overload affected crack length. Others (References 5 through 11)

have also observed that cracks grow after single overload applications

where KOL /K 2.0, the condition for which the Willenborg et alK~xmax
model predicts zero crack tip (effective) stress intensity factors.

4. ALTERNATE CRACK GROWTH DELAY MODEL

A more general approach to developing the residual stress intensity

factor would suggest that KR may be proportional to the Willenborg et al

residual stress intensity factor expressed by Equation 7.

KR K R (8)

Consider the appropriate test conditions required to evaluate the

proportionality factor o. One boundary condition might be the "shut-off"
OL

overload to maximum load ratio (K ax/Kmax) that produces no crack growth.

This would be established using techniques similar to those employed by

Probst and Hillberry (Reference 7). Assume that the shut-off overload

level develops a local stress intensity factor condition such that no

growth is induced. Since the fatigue threshold stress intensity factor

maximum (KmaxT) is approximately constant for negative stress ratios
mTH eff

(Reference 12), set the maximum local stress intensi't,, factor (Kmax)

15
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equal to KmaxTH for zero tension loading (R = 0). Using Equations 7 and

8 Keff can be expressed asmax

Vef f cc - (L (1 ~a112 00(9
"Max = Kmax - ax ( l - / - KmaxZoL

OL

Immediately following the shut-off overload K~ax which produces no growth,

!,a = 0 and Keff = K and Equation 9 can be solved for subjected to
max maxTH

these assu ptions:

= iax K maxTF
; : OL c" (10)
Kax max

Probst and Hillberry (Reference 7) presented results in which

increasin, higher overloads eventuallyproduced a condition of no crack

growth for five different K" levels in 2024-T3 Aluminum. They foundmax
that the shut-off overload ratio was given by

OL
Kmax/Kmax 2.3 ()

for each K level studied.max

16
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5. CRACK GROWTH PREDICTIONS WITH NEW MODEL

In order to develop e estimate of the number of nonsteady state

cycles (N*) associated with the overload affected zone the crack growth

rates that result from each application of loading must be integrated

over the overload affected zone. A Paris power law equation (Reference

13)

a = CAK p  (12)
TAN

was chosen as an adequate representation of the crack growth rate data

for stress ratios less than 0.1 (assuming that tension only stress

intensity factors establish .K).

The steady state crack growth equations used for predicting N* were

,,a . 1.376 x 1olO 3.2
-N eff (13)

for the 120 ksi yield strength steel and

A 3.46 x 10 10 32 (14)
.Kef f

for the 220 ksi yield strength steel. The exponent 3.2 was determined

from independent tests on these two steels by others (References 4 and

14) arl the pre-exponential constant was selected so that Equations 13

and 14 would intersect the average steady state crack growth rates at

K - 18 ksi /Th given in fable Ill.

The effective stress intensity ranges used in Equations 13 and 14

were obtained either by subtracting K min from Ke  when Keff was greater
eff eff

than zero or by the value of K;ax when K in calculated using Equations

1 and 9 was less than zero.

17
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The parameter defined by Equation 10 was estimated on the basis of

two assumptions: (1) the shut-off overload ratio for the steels investi-

gated is close to that defined by Equation 11 and (2) K for steelsmaxTH

is approximately 6 ksi ViT for a stress ratio of zero. Equation ic

subjected to these two assumptions becomes

- 6/K

- 1.3 (15 )

A numerical integration approach was employed to estimate the nu-ber

of applied cycles required to propagate the crack from its preoverload

position to a position one plane stress (overload) yield zone radius

(Equatior 4) aheac of the preoverload position. One-tenth of the plane

stress yield zone radius was thought to be an adequate increment in

the integration scheme. Table V lists the calculations corresponding

to the develops'ent of the predictions based on the new model defined by

Equations 1, 7, 8, 15, and 13 or 14. Table V! summarizes the results

of a *, N*, r yoL, N** (average number of N measured to achieve ryoL)

and the corresponding predictions associated with both the Willenborg

et al and new models. As can be discerned from Table VI, the new model

predicts (to within 10 percent) the number of cycles observed to achieve

rYOL. The new model is also noted to be conservative since steady state

rates are predicted in a shorter number of cycles than was observed.

6. PREDICTION OF CRACK GROWTH RATES USING NEW MODEL

TLe crack growth data presented in Figure 4 were used to obtain the

cyclic crack growth rates for the 120 ksi yield strength 4340 steel

listed in Table VII. The fatigue crack growth rate data for the first

five singularly applied overloads are presented graphically in Figure 6.

While the magnitudes of the crack gr-ith rates associated with each curve

plotted are noted to be similar, thee appears a tendency for the shape

of the trough in the curve to become flatter and longer with each succeed-

ing overload. This observation is reinforced when Table VII is used to

compare the growth data for the first and second overload to that tor

the seventh and eighth overload. The reason for this change in crack

18
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TABLE V

LIST OF CALCULATIONS FOR SURFACE OBSERVATIONS

: ys - 120 KSI ,s 220 KS!

da, L-X '.KAV G  dN" AVG ..a dN AVG :a N

_KSI ,fn- 10-6 in/cycle mils lo 6 in/cycle mils

0.1 9.7 0.169 1.77 8950 0.427 0.53 1065

0.1 10.9 0.240 1.77 6162 0.603 0.53 733

0.2

0.1 12.1 0.341 1.77 4410 0.858 0.53 525

0.3

0.1 13.4 0.480 1.77 3182 1.208 0.53 379

0.4

0.1 14. 0.655 1.77 2315 1.646 0.53 275

0.5

0.1 16.3 0.905 1.77 1700 2.275 0.53 202

0.6

0.1 17.6 1.214 1.77 1330 3.05 .53 158

.7

0.05 18 1.430 0.89 620 3.60 G.26 74

0.75

0.25 18 1.430 4.42 3080 3.60 1.32 379

1.00

31750 N 3780

19
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TABLE VII

CYCL(:IC CRACt: (;ROTI;I ,ATIS !OR TIHE 120 KSI YIELD STRE: ;tG L.EV:I.

FI _ ____ %,T VI3RLt,. r).

da a f ,I CY CI. N 'AV(; CM F)iI1 o Nml 1; ndI mi I s a l, 10-
6  

il~ le(-] mi I,

0 2.8* 2.8 * 1 1 .600 .Ov eorload

0 3.5 3.5 2000 1.75 1.715 i a77

1. 5 5. 2.0 33 4.5

6.1 7.3 1.2 9000 0.133 6.7

7. 3 8.9 1 6000 (0.266 8. 1

8.(. i..', 3 39 J t00 0.556 10.6

8.9 12.5 3.6 1 4000 0.900 10.7

'r~ ~~ ~ r, 1l (________ 34.93 , :3.

3.2 3... 20 1. 2. . k!
3,.12 3,2 1(f 3.2 1.4%'* 2(3 k:,;i V

0.4 20
.2 ,.00I't 1 0.55 3.7,

:, 5. -. 5344,, 0.2 .i

I .4- ) .

5.3 .* 2. 3 1((0,,9 .,2 3,,.;:

3.4, { • ,; ' 0. 17' 8. 3

, 1. 3 2.1 53414 0142 10.0.1

11.1 12. 0 .35 11.8

1 . 1 .3 .2 . ' . ,

11, 4 1.'.. 3 .3) '.:3..31 t(,., 12.8

1.3 J 4. ', 4.2 .Oo.2 13.,

* 1 .'5 1?.( rS.3 434(33 3.342 14.,.

17 .

17.4, .",,44 , ,. ', 4 ', 4 . . '. 231.

U Bsed on Linear Extrapolation
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TABLE VII (Continued)

L- . CYCLE:s aA

0 " 3.0 * 3000 1.5 Ove rl oad

0 3.5 3.5 10,00 3.5 1.75 k--20 Lsi iI

3.5 4.2 0.7 .000 0. 3 3.85

4.2 5.4 .-, 4000 0.3 4.8

5.4 7.7 2.3 7000 0.33 6.55

7.7 F.0 1.2 4000 0.300 8.3

11.2 14.5 3.2 V000 0.356 12.85

13, 1.2 3.2 5000 0.64 14.6

14.1 16.2 2.1 2000 1.05 15A

14.1 19.0 4.9 (100 0.98 16.5

16.2 19.0 .8 300 0.93 ]7.6

Iq.4.21.2 2.1 2000 1.05 20.1

0l 7 2,." 8.5 7000 1.22 j 23.2

0I 3.0 ' 3.0 * 1 3000 15 Ov(r uad

0 3.3 3,1 1000 3.3 1.65 20 ksi in

3. 3 1.9 0.o 1O00 0.6 3.6

, Q >,'0 1.7 3000 v. 56 4.15

5.O 1, .3 300,(1 0. ' 5.6',

1 I i , 2.1 1U00 0.1 .1

8A , 1.1 ,OU 0. 22 8.9%

, 11. 1.9 (,0,;0 0 11 10.4',

11,,1 32.1. 'U.6 30(0 0.2 11

13 13 3.2 2oOj0 0.6 12.4

12 15.1 1.1 3It0o 1.01 1 1, NI

1' I ' l 2.1 200o 3.05 14.1.

14 .11 7.0 8(0 0.87 1 .5

Bdsed on Linear Extrapolation 22
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TABLE VII (Continued)

F I" c IH L ',J,,.

It15 -. A ,. C";cL;. _is. aA'. ,.,, £.

( 3.9* 3.9* 1 3900 1.95 Ovet Ild

0 4.0 4.0 1000 4. 2.0 KmIax 20 k.;i n

4.0 5.9 1.9 5000 0.38 4.95

5.9 8.2 2.3 5000 0.46 7.0 5

8.2 1.1- 4 3 Il , .310. V,

1,.. , !. 2.5) 5000 0.4 13. "

1-,.7 1. , u t '] .

15. 17.1 1.- 4100 0. It it.. 4

200 0. 3 lo,

16.5 1U. 1 , .' 0.,

J,. 5 19.5 .' 4 0,. u.75 17,5

17.j 1'). 5 .; I0 1.20 ! 8. 3

17,1 j 27.2 0. j 70t, } 1. .. , 22. 1

0 5' 1 5000 2.5 0...," I owl

(, t,.] u., io:'oK ,,.3 ",.1 K , 20 , , .',

5 6.3 1.3 lO( 1. t 5.,5

6. ' b. 7 2. 4 20010 1.2 7,5

.7 9.7 1.( 100 I1.( 4.2

S17 iO.0 1.1 3tOIC 0.4 9.3.

10.0 10. 1 0.) 1 1 .: 0. 1, 10.

10.6, 13.10 ; 4 WOd 0.., 11.8

13.0 11.4 2.4 .9;0 U. 1( 14.2

ii3. I 7' . 4001 0.40 1W I.2

17 1/.'i .4 1dU. 1 ,'.45

7 13'.1 20 1.05 I

I .t ap, a io 23','. l t 2.4, ')

SBased on Linear Extrapolation 23
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TABLE VII (Continued)

SEVE;N : OVERLOAD

'  i- 31Vs _ aL_ .AVG CONDITION
mi Is [ ls mil 7[ 4 'N

1 ] O" il,/, yc le mif Is

O 4 "* i !,000 2 O - "Ioa

0 ,000 2 20 ksj

2000 1.75 5.7S

.77 !.1 8.9 ,

9.7. 1.2]. 10.85

11l. ; . . 1 . 2 ,.0
"
00.3 1.

11 . 0.35 l S 2.3 8f:00 0.28 13.6

. . 1.5 10CO0 0.15 15.5

1 3 1 7 1.2 VX) 0.24 16.9

~~~17. ",1c. j .5 J O 0O 8.2

2.[ 2 3(000 0. 3 l's1 ,75

1U.) u.. " 000 1.3 24.3

Y!G_ I ili OVERLO)AD

"* 1 - 400 2 j ', u ri a.:

0 1000 6 20 k:(i
MIXn

LI L ii

,.oo . I0 IS0

I., .,, . 1 " 0 (01 0,2(0 1 '3.

. 1.1 80)'.w .13 1.

1',. I. 4.100 0. 1

1.S. hi/.4 7000 .0.4 16.6

1/.5 1'1... 3000 0.5 18.4

I ,. 21.'' 3. 40(0 :.17 19.2

17.9 1( 70 1.1H, 21.Q,

*Based on Linear Extrapoldtion
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growth behavior with each successive overload is due to the thru-the-

thickness crack front curvature changes which will be discussed below.

Table VIII provides a summary of the crack growth rate behavior for

the first five singularly applied overloads as a function of the crack

movement subsequent to the applied overload. These data were then used

to obtain the average growth rates as a functior of position for the first

four and first five overloads. Table V lists the crack growth rates

computed using the model as a function of incremental position in the

overload affected zone. Figure 7 presents the average growth rate for

the first four and first five overloads (see Table VIII) and the calcu-

lated crack growth rates for the new model.

Figure 7 shows that the observed behavior is substantially different

from the model prediction in that the observed growth rates reduce grad-

uallv to their lowest level while the model predicts an abrupt change

in growth behavior followed by a monotonically increasing growth rate.

It can be noted that the model's monotonically increasing crack growth

rate parallels the observed average growth rate behavior as it again

increases to its steady state level. If the steady-state crack growth

region at the end of the ryoL (i.e. 4.7 mils) is shifted to a position

prior to the beginning of the growth delay region, the model behavior

closely describes the average growth rate curves (see Figure 8).

7. BELOW THE SURFACE

It was assumed that the crack growth behavior observed on the surface

was identical to that whic,, was occurring within the specimen. F.ilure

of the specimen revealed that following the initial overload, the surface

crack movement in the 120 ksi yield strength steel specimen lagged the

crack movement in the center of specimen by an increasing amount with

each additional overload application. Detailed in Table IX is a listing

of the surface and internal crack movements as related to appliea over-

load and constant amplitude cycles between overloads. The prior L2 over-

load application crack position on the surface and at the center of the
,ecimen is tabulated in Table X.
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TABI.L VIII

GROWTH RATES FOR OVERLOADS I THROUGH V WITH AVERAGES *

da dal d a J da dl da j daldaI de de IT IV UV ~dI AVG(I-4) T AVG (1-5)

Mils

2 1.504 2.28t 2.63- 2.48± 4.0# 1.60t 2.08+
3 0.80 1.01 0.89 1.01 1.8 0.93 1.10
4 0.42 0.42 0.34 0.57 0.80 0.44 0.51
5 0.27 0.205 0.30 0.49 0.38 0.32 0.33
6 0.18 0.22 0.30 0.41 0.41 0.28 0.30
7 0.17 0.21 0.30 0.33 0.45 0.25 0.29

8 0.25 0.18 0.30 0.26 0.44 0.25 0.28
10 0.47 0.40 0.32 0.27 0.39 0.36 0.37
12 1.05 0.41 0.34 0.30 0.39 0.52 0.50
14 1.32 0.81 0.52 1.02 0.37 0.92 0.80
16 1.32 1.21 0.88 0.98 0.33 1.09 0.94

18 1.32 1.59 0.94 0.98 0.96 1.21 1.15
20 1.32 {1.72 j1.04 0.86 1.30 {1.24 1.25

* All rates are in units of 10-6 In/cycle
Crack movement subsequent to overload application
Assuming no increr-ental rmovement due to overload
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TABLE IX

SURFACE AND INTERNAL CRACK MOVEMENTS BETWEEN SINGLE OVERLOADS

CRACK MOVEMENTS OBSERVED

Lta** La ***
a int int Cycles Between

Overload Mils Mils Mils Overloads

1A* 35 47 2 30,O00

1 25 39 4 35,000

2 29.5 40 3 52,000

3 27.5 38 3 42,000

4 23.5 34 2 40,000

5 27 34 2 42,000

6 40.5 38 2 41,000

7 32 38 2 46,000

8 26 38 3 43,000

AVG (1 - 8) 28.9 37.4 2.5 42,600

* Overload 1A had a reduced OK nax~m of 1.8

* .as ,:.a int' and Jint were the observed total surface movements,

observed total internal movements, and jumps associated with the

overloads.
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TABLE X

SURFACE AND INTERNAL CRACK POSITION PRIOR TO EACH OVERLOAD APPLICATION

CRACK POSITION

OVERLOAD SURFACE INTERNAL
In. In.

1A* 0.958 0.958

1 0.993 1.005

2 1.018 1.044

3 1.047 1.084

4 1.075 1.122

5 1.099 1.156

6 1.126 1.190

7 1.166 1.228

8 1.198 1.266

O.L. No. 8 PLUS 43000 CYCLES 1.224 1.304

OVERLOAD IA HAD A REDUCED Kax/K (a of 1.8
max max
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Note is made in Table IX of the incremental jump in the center of
specimen crack position that occurs during the overload cycle. This
jump phenomenon has also been observed by Von Euw et al (Reference 4)
and by Hall (Reference 15). The average crack jump during the overload
was approximately 2.5 mils, approximately two orders of magnitude higher
than what would have been calculated using a steady state growth rate at
a '.K = 40 ksi {in. The present model does not account for accelerated

growth.

It is suspected that a generalization of the use of the load inter-
action zone concept (Reference 3) could be employed as a first step in
modeling the jump phenomenon. For example, consider Figure 9 where the
base line no retardation curve (K*) has been established for a low level
loading which produces steady state growth. A high level load is applied
at crack length aOL, establishing a subsequent no retardation curve
(K**). Assume that the incremental movement (accelerated growth)
accompanying the application of the high load is related to the difference
between the two no retardation curves (i.e., K* and K**). Taking the
same approach that was employed in the development of the retardation
model presented above, one could set the residual stress intensity factor
equal to a proportionality factor multiplied by the aifference in the
no retardation stress intensity factors, i.e.

KR = -A (K** - K*) (16)

which would then be used in conjunction with Equation 1 to calculate
the rate of crack advance. Insufficient evidence precludes any further
discussion of the applicability of the load interaction concept as
applied to overload induced crack growth acceleration.

Since the crack growth behavior obtained through surface observations
is significantly different from that noted along the center of the
failed specimen, it is difficult to place full confidence in the crack
growth rate behavior generated using surface growth data. Possibly,
there is a rather abrupt deceleration in crack advancement following an
overload but this question will have to be addressed by future investi-
gations of the delay phenomenon.
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Using the internal crack tip position (see Table X) and the known

applied loads employed to control stress intensity factor variables on

the basis of surface measurements, it was possible to determine the

change in the stress intensity factor variables associated with the mid-

specimen position. The average constant amplitude stress intensity ranqe

was 19 ksi F It changed from 18 to 20 ksi v'-n-between the first

overload and the last constant amplitude cycle. The average K was
max

21 ksi [ W, while the average KOL was 42 ksi iin. Table XI provides' max
the calculations for the retardation model behavior with the mid-stress

intensity factor specimen conditions. Following the numerical integration

through the overload affected zone (a* = 14.6 mils) the crack was allowed

to move to the average ta int position (see Table IX). The calculated

number of cycles is approximately 94 percent of the average number of

constant amplitude cycles applied between overloads.
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TABLE XI

RETARDATION MODEL CYCLE CALCULATIONS ASSUMING

MID-SPECIMEN STRESS INTENSITY FACTOR

at Aa AKAv G  AN
mils mils ksivGT

0 1.95 10.2 8392

1.95

1.95 11.5 5717

3.90

1.95 12.8 4058

5.85

1.95 14.1 2978

7.80

1.95 15.6 2154

9.75

1.95 17.2 1577

11.70

1.95 18.5 1249

13.65

0.975 19 513

14.62

22.8 19 13406

37.40*
AN 40104 - NM

* 37.40 was taken as average movement between overloads (see Table IX)

which could be associated with an average number of cycles (Navg) of

42,600 to produce this growth: NM/NAVG .941
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SECTION IV

SUMMARY

Significant differences in delay cycles were observed when the yield

strength of a 4340 steel was varied from 120 to 220 ksi. Subjecting

specimens to controlled stress intensity factor conditions: single peak
overloads with KOL = 40 ksi VTnfollowed by constant amplitude cyclingmax

with Kmax = 20 ksi VTn (Ro = 0.1), indicated that for the same external

loading (e.g., spectrum loading) more retardation can be expected from

a steel with lower yield strength.

Following the devciopment of a rctardation model based on overload

shut-off ind threshold stress intensity factor conditions, it was possible

to show that a lower strength steel gives more retardation for a given

loading condition primarily because its overload created load interaction

zone is significantly larger.

The retardation model developed herein was found to predict to with-

in 10 percent the cycles required to propagate a crack from its position

immediately prior to overload application to a subsequent position a

disLance one plane stress plastic zone radius ahead of its pre-overload

position. Crack growth rates obtained from surface measurements were

not adequately predicted by the retardation model but note was made of

similarities in predicted growth rates and observed behavior.
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